Abstract The evolutionary history of variation in the human Rh blood group system, determined by variants in the RHD and RHCE genes, has long been an unresolved puzzle in human genetics. Prior to medical treatments and interventions developed in the last century, the D-positive (RhD positive) children of D-negative (RhD negative) women were at risk for hemolytic disease of the newborn, if the mother produced anti-D antibodies following sensitization to the blood of a previous D-positive child. Given the deleterious fitness consequences of this disease, the appreciable frequencies in European populations of the responsible RHD gene deletion variant (for example, 0.43 in our study) seem surprising. In this study, we used new molecular and genomic data generated from four HapMap population samples to test the idea that positive selection for an as-of-yet unknown fitness benefit of the RHD deletion may have offset the otherwise negative fitness effects of hemolytic disease of the newborn. We found no evidence that positive natural selection affected the frequency of the RHD deletion. Thus, the initial rise to intermediate frequency of the RHD deletion in European populations may simply be explained by genetic drift/founder effect, or by an older or more complex sweep that we are insufficiently powered to detect. However, our simulations recapitulate previous findings that selection on the RHD deletion is frequency dependent and weak or absent near 0.5. Therefore, once such a frequency was achieved, it could have been maintained by a relatively small amount of genetic drift. We unexpectedly observed evidence for positive selection on the C allele of RHCE in non-African populations (on chromosomes with intact copies of the RHD gene) in the form of an unusually high F ST value and the high frequency of a single haplotype carrying the C allele. RhCE function is not well understood, but the C/c antigenic variant is clinically relevant and can result in hemolytic disease of the newborn, albeit much less commonly and severely than that related to the D-negative blood type. Therefore, the potential fitness benefits of the RHCE C allele are currently unknown but merit further exploration.
Introduction
The human Rh blood group system is a collection of antigens expressed on erythrocyte cell membranes (Avent and Reid 2000) that may play a role in the transport of ammonia (Marini et al. 2000) or carbon dioxide (Endeward et al. 2008; Kustu and Inwood 2006) , or not in transport but in erythrocyte membrane structure (Westhoff 2004; Westhoff and Wylie 2006) . Functional (antigen) variation in the Rh blood group system is determined by insertions/deletions, single nucleotide polymorphisms (SNPs), and gene conversion events in the RHD and RHCE genes (Colin et al. 1991; Flegel 2011; Mouro et al. 1993) . Homozygous deletion of the entire RHD gene results in the D-negative blood phenotype (Wagner and Flegel 2000) , whereas the D-positive phenotype is conferred by the presence of either one or two intact copies of the RHD gene.
D-negative mothers may produce anti-D antibodies following exposure to red blood cells from a D-positive fetus during pregnancy or childbirth. Subsequent D-positive offspring of a D-negative mother may develop hemolytic disease of the newborn resulting in fetal death or severe disability (Levine et al. 1941; Urbaniak and Greiss 2000) . Prior to treatments introduced beginning in the 1940s [culminating with Rho(D) Immune Globulin (Rho-GAM) in 1968] that largely obviated these health issues (Urbaniak and Greiss 2000) , D-negative mothers may have suffered reduced reproductive fitness; pre-treatment mortality from hemolytic disease of the newborn was reportedly 1 in every 56 births to D-negative women in a European-American population (1 in 392 births among all women, regardless of D status) (Potter 1947) . Certain nonsynonymous SNPs in the RHCE gene result in antigenic variation in the encoded RHCE protein (rs676785, Ser103Pro: C/c; rs609320, Pro226Ala: E/e) (Avent and Reid 2000) , and differential expression of these antigens can also lead to hemolytic disease of the newborn, but with much lower frequency than that caused by anti-D antibodies, at least in European populations (Moncharmont et al. 1991) .
Based on the potential consequence of hemolytic disease of the newborn, one might expect strong purifying selection to have acted against the D-negative phenotype and minor alleles of the C/c and E/e antigens. Yet in European populations the D-negative phenotype is observed at substantial frequencies, typically 0.15-0.17 and up to 0.29 in the Basque (Touinssi et al. 2004; Urbaniak and Greiss 2000) , and the frequency of the RHCE C allele is *0.44 (Urbaniak and Greiss 2000) . Similar to the effects of sickle cell and thalassemia hemoglobin heterozygosity on malarial resistance (Allen et al. 1997; Allison 1954; Flint et al. 1986; Kwiatkowski 2005) , we asked whether these alleles confer an unknown fitness benefit whereby positive or balancing selection explains their otherwise surprisingly high frequencies (Feldman et al. 1969; Westhoff 2004 ). Because such a history may have left detectable genomic signatures, in this study we used a population genetics framework to test evolutionary hypotheses concerning these functional genetic variants of the Rh blood group system.
Materials and methods
Genotyping DNA samples and cell lines from the HapMap individuals were obtained from the Coriell Institute for Medical Research. To genotype the RHD deletion, we used a previously developed TaqMan quantitative PCR (qPCR) assay (Lo et al. 1998) in which the forward primer for the RHD amplicon (all 5 0 -3 0 ; CCTCTCACTGTTGCCTGCATT) maps to the very 3 0 end of the gene and the reverse primer (AGTGCCTGCGCGAACATT) maps to the 5 0 end of the segmental duplication flanking and unique to RHD (Fig. 1a) . Therefore, the amplification is specific to RHD (i.e., there is no complicating signal from RHCE). Primers and the internal probe ([FAM]TACGTGAGAAACGC TCATGACAGCAAAGTCT[TAMRA]) were purchased from Integrated DNA Technologies (Coralville, IA). To calibrate for minor input DNA quantity differences across samples, we multiplexed the RHD assay with a second TaqMan assay from the single-copy control gene RNaseP with a VIC-labeled probe (Applied Biosystems, Foster City, CA, USA). Quadruplicate reactions of 8 ng DNA in 10 lL volumes with TaqMan Genotyping Master Mix (Applied Biosystems) were run on Applied Biosystem's 7900HT Real-Time PCR System in a 384-well plate. One individual with 2 RHD copies, NA10857, was run on each plate and used to calculate the estimated diploid copy numbers for all unknowns based on DDC T (Supplemental Table 1 ). To genotype the RHCE SNPs rs676785 (C/c) and rs609320 (E/e), we developed an assay based on coamplification of these regions (for both RHCE and the corresponding regions of RHD) using dye-labeled primers followed by digestion of the internal products with the restriction enzyme MnlI (New England Biolabs). Products were digested variably depending on rs676785 and rs609320, and the different-sized products were compared quantitatively to estimate Cc and Ee genotypes, taking RHD gene copy number into account. Details of the assay are provided in Supplemental Figure 1 .
We validated the TaqMan-estimated RHD genotypes by checking consistency with Mendelian inheritance in the CEPH and Yoruba (these samples are comprised of parentoffspring trios), comparison to genotype estimates from Fig. 1 RHD deletion genotyping and fiber FISH validation. a The paralogous RHD and RHCE genes (98% nucleotide sequence similarity) are located on human chromosome 1p36.11 in inverted orientation. The genes are *60 kb each in size, separated by *30 kb. Smaller ''Rhesus box'' segmental duplications (*9 kb each) with 99% sequence similarity flank RHD and provided the substrate for gene deletion via non-allelic homologous recombination (Wagner and Flegel 2000) . We used these features to isolate and distinguish RHD in TaqMan genotyping and fiber FISH validation assays of the deletion. We also resequenced *12 kb from two unique regions of this locus, as indicated, in a subset of the individuals in our study. b TaqMan results for the HapMap population samples and allele frequencies. Note that one YRI and one JPT individual were estimated to have 3 RHD copies. c-e Fiber FISH validation for three HapMap trios, with representative images from the two alleles for each individual. The CEU trio depicted in c represents the scenario in which the largest proportion of offspring are at risk for hemolytic disease of the newborn, in which the mother is D-negative and the father has two copies of RHD, such that all of their offspring would be D-positive. The YRI trio depicted in d includes one of the individuals estimated to have 3 RHD copies (GM19204). We confirmed the duplication and infer that its origin was also mediated by non-allelic homologous recombination of the Rhesus box segmental duplications; this is the expected reciprocal of the RHD gene deletion. The duplication allele was not transmitted to the child (GM19205). The Yoruba trio depicted in e initially seemed a case of non-Mendelian inheritance based on total diploid copy numbers from our TaqMan copy number estimates; however, direct determinations of the copy numbers of each chromosome by fiber FISH show that the father (GM19153) has one copy each of the RHD duplication and deletion alleles, and the child (GM19154) inherited the deletion allele analysis of data from the Affymetrix 6.0 SNP genotyping array (McCarroll et al. 2008) , and high-resolution fluorescence in situ hybridization on stretched DNA fibers (fiber FISH). For fiber FISH analyses, we used a fosmid probe G248P84657G6 (labeled with digoxigenin-11-dUTP; green in images) that maps to the 5 0 end of RHD but also hybridizes strongly to RHCE due to the high homology between these genes. We also created a PCR probe (labeled with biotin-16-dUTP; red in images) for the pair of segmental duplications that flank RHD only and contain the deletion breakpoint (Fig. 1a) . We first used long-range PCR to amplify nearly the entire segmental duplications (primers general to both copies; TAAATGCTCTTCTG AAGGCTGATACG and TTTACAAAGGGGAGAACG GTAAGAAG) from NA10857 in a 25 lL reaction with 100 ng DNA and TripleMaster Taq Polymerase (Eppendorf) with an initial step of 93°C for 3 min followed by 40 cycles of 93°C for 30 s, 64°C for 30 s, and 68°C for 10 min. Nested PCR was then used to amplify two internal, overlapping fragments *3.5 kb each in size (fragment 1: TCTTCTGAAGGCTGATACGACA and ATGATAGGG TTTGGTTGTGTCC; fragment 2: GGACACAACCAAAC CCTATCAT and AATCACCGTCAAGGAGTCAGAT) using 0.1 lL of the long-range PCR product in 25 lL reactions with HotMaster Taq Polymerase (Eppendorf) for 3 min at 93°C followed by 40 cycles of 93°C for 30 s, 60°C for 30 s, and 70°C for 5 min. Probe labeling, preparation of the fibers and slides, hybridization, washes, detection, and imaging were performed as described previously (Perry et al. 2007 ) except that the fosmid probe was labeled for 12 rather than 5 h.
Nucleotide sequence analyses
We used long-range PCR to amplify two unique (i.e., not duplicated) regions of the RHD/RHCE gene locus, each approximately 6 kb in size. One region is directly upstream of the segmental duplication at the 5 0 end of the RHD gene, while the second region is directly downstream of the segmental duplication at the 3 0 end of RHD, and between the RHD and RHCE genes (Fig. 1a) . The *6 kb amplified products were then used in nested PCR reactions to amplify products *600 bp in size with overlap *280 bp, which were then sequenced in two directions as described previously (Xue et al. 2008) . PCR primers are provided in Supplemental Table 2 . Putative SNPs were flagged using Mutation Surveyor (SoftGenetics, State College, PA, USA) and then manually checked; each SNP call was supported by at least four reads. Summary statistic tests of neutrality were carried out and their P values estimated based on the percentile of the test value in the null distribution from 1,000 simulations conditioned on the number of segregating sites using the program ms (Hudson 2002 ) with the best-fit demographic model (Schaffner et al. 2005 ) via a custom Perl script as described previously (Xue et al. 2006 ).
Simulations
We simulated selection at the RHD locus in a population of infinite size, considering the following: (1) probability of sensitization if the mother is D-negative and the child is D-positive (ps), (2) probability that an individual child of a sensitized mother would die from hemolytic disease of the newborn (pa), (3) mean family size in families not potentially affected by hemolytic disease of the newborn (fs), and (4) maximum number of attempts to conceive (na). In turn, we fixed three of the parameters at reasonable values (including the assumption of some negative effect on individual fitness due to hemolytic disease of the newborn: ps = 0.2 and pa = 0.9) and varied the fourth, calculating the change in RHD deletion frequency over one generation given different initial RHD deletion population frequencies.
Family size in families not potentially affected by hemolytic disease of the newborn was modeled as a binomial, with n = na and p = fs/na. For families potentially affected by hemolytic disease of the newborn, we took a random draw from this binomial as the initial number of offspring and then applied selection due to hemolytic disease of the newborn. Heterozygous offspring of D-negative mothers paired with D-positive fathers were split into ''pre-'' and ''post-sensitization'' sets, with sensitization occurring at the xth pregnancy, where x is a random draw from a geometric distribution with p = ps. Selection occurred on the heterozygous post-sensitization offspring (if any), with the number of surviving heterozygous post-sensitization offspring determined by a random draw from a binomial with n = the number of possible heterozygous offspring remaining, and p = 1 -pa. In families in which the father was heterozygous for the RHD deletion, each offspring was assigned to be homozygous or heterozygous with equal probability. We performed 10,000 simulations as described above and calculated the mean number of heterozygous offspring from families with D-negative mothers paired with m 1 ) D-positive fathers homozygous for the non-deletion allele and m 2 ) D-positive fathers heterozygous for the deletion. We defined selection against heterozygous offspring of m 1 as s 1 = 1 -(mean number of offspring of m 1 couples/fs), and selection against heterozygous offspring of m 2 as s 2 = 1 -(mean number of heterozygous offspring of m 2 couples/(fs/2)). We then assumed an initial frequency of the RHD deletion and calculated the change in frequency over one generation, assuming a population of infinite size, as follows. We started with a population at Hardy-Weinberg equilibrium and calculated the proportion of families of each type potentially affected by hemolytic disease of the newborn (m 1 and m 2 ). We then reduced the frequency of RHD deletion heterozygotes in the subsequent generation by the expected proportion of heterozygous offspring from each potentially affected family type, multiplied by 1 -selection against heterozygotes of that family type (s 1 or s 2 ). We calculated the new frequency of the RHD deletion in the population after selection had occurred and subtracted the initial frequency to obtain the change in frequency over one generation.
Results

RHD/RHCE genotype frequencies
We genotyped the RHD gene deletion and the RHCE gene SNPs marking the C/c and E/e antigen variants in individuals from four HapMap human populations: EuropeanAmericans from Utah (CEU; n = 90), Yoruba from Ibadan, Nigeria (YRI; n = 90), Chinese Han from Beijing (CHB; n = 45), and Japanese from Tokyo (JPT; n = 45). In a subset of these individuals (n = 68; CEU, n = 23; YRI, n = 23; and CHB, n = 23), we also resequenced two genomic regions, each *6 kb in size: one region flanked the 5 0 end of the RHD gene, and the second region was located between the 3 0 ends of RHD and RHCE (Fig. 1a) . We used the HapMap population samples to integrate our RHD and RHCE genotype data with the HapMap Phase II SNP data (International HapMap Project Consortium 2007) for genome-wide comparisons of population differentiation and analyses of extended SNP haplotypes.
We estimated RHD deletion frequencies of 0.43, 0.19, and 0.07 in the CEU, YRI, and CHB ? JPT population samples, respectively (Table 1; Fig. 1b, c) , consistent with previous studies (Fisher and Race 1946; Urbaniak and Greiss 2000; Wagner et al. 2003) . Unexpectedly, we estimated three RHD copies per diploid cell for one YRI (NA19204) and one JPT (NA18952) individual. Fluorescent in situ hybridization analysis on stretched DNA fibers (fiber FISH) confirmed the presence of an RHD duplication allele (Fig. 1d) , the formation of which was likely mediated by non-allelic homologous recombination of the RHDflanking segmental duplications (i.e., the reciprocal product of the RHD deletion). The genotypes of an additional YRI parent-offspring trio initially seemed inconsistent with a Mendelian pattern of inheritance, but this result was explained by the presence of both the RHD duplication and RHD deletion alleles in the father (Fig. 1e) . A similar duplication has been reported previously in a different Japanese population sample (Suto et al. 2000) . Such a duplication may also explain qPCR results of greater RHD than RHCE copy number in eight individuals from Germany with relatively large densities of the D antigen in red blood cells despite Rhesus box (the RHD-flanking segmental duplications; see Fig. 1a )-based genotyping assay suggestions of heterozygosity for the RHD deletion in those individuals (Yu et al. 2006) . If so, then this result would indirectly suggest that the RHD duplication (which may cause Rhesus box-based RHD genotyping methods to fail) has a functional effect on antigen density.
For RHCE, the estimated frequency of the derived C allele was considerably higher in the CHB ? JPT (0.78) and CEU (0.45) population samples than in YRI (0.08). Frequencies of the derived E allele were less variable among populations: 0.25, 0.09, and 0.08 in CHB ? JPT, CEU, and YRI, respectively (Table 1) .
Evolutionary analyses
We first examined the relative degree of population differentiation (F ST ) for the RHD and RHCE functional variants compared to genome-wide SNPs that have been genotyped in the same samples (International HapMap Project Consortium 2007) . Extreme F ST values may reflect past population-specific positive selection (Barreiro et al. 2008; Sabeti et al. 2006; Xue et al. 2009 ); but see ref. (Coop et al. 2009 ). While the RHD deletion and the E/e variant of RHCE are not unusual in this respect, the (CHB ? JPT)-YRI F ST value for the C/c variant of RHCE is exceptional (F ST = 0.64; genome-wide percentile = 98.8; Fig. 2a) .
It is possible that F ST values of variants within a duplicated locus, which may be subject to recurrent gene conversion (Chen et al. 2007 ), might not be comparable to those of unique variants. Indeed, the RHCE C allele itself is likely the result of a gene conversion event that transferred sequence from RHD to RHCE (Carritt et al. 1997) . To examine this issue, we resequenced *12 kb of this genomic region from 68 HapMap individuals. When we integrated the identified SNP genotype data from this resequencing effort with the RHD deletion and RHCE C/c and E/e genotype data and examined the estimated haplotypes, it was clear that the high frequency of the C allele in non-African populations is explained almost exclusively by a single mutation event ( Fig. 2b ; see the following paragraph), alleviating this concern.
We next performed tests of neutrality on the patterns of nucleotide diversity and the haplotypes that were estimated from the RHD/RHCE genotypes combined with the *12 kb resequencing data. These tests evaluate whether or not the observed allele and haplotype frequency distributions are consistent with neutrality, given the demographic history of the populations (Schaffner et al. 2005) . We observed significant deviations from neutral expectations in non-African populations (Table 2) , including an excess of variants in external branches of the phylogeny in the CEU (Fu and Li's D test, Fu and Li 1993 ; P = 0.038) and a single haplotype that has risen to unexpectedly high frequency in both CEU and CHB ( Fig. 2b ; 47 out of 90 chromosomes; P = 0.045 by the common haplotype frequency test, Xue et al. 2006 ). This result is not explained by haplotypes containing the RHD deletion. Rather, the high frequency haplotype comprised RHD-positive chromosomes that carry the C allele of RHCE (Fig. 2b) . In total, we sampled 90 CHB and CEU chromosomes, 56 of which contain the RHCE C allele. Of these 56 chromosomes, 47 are identical across the *12 kb region, and an additional four chromosomes differ from this common haplotype by only one nucleotide each.
Finally, we integrated the RHD deletion and RHCE C/c and E/e genotypes with HapMap Phase II SNP haplotype data to examine the patterns of linkage disequilibrium extending from these functional genetic variants. Positive selection may drive beneficial genetic variants to high frequencies at faster rates than neutral variants (which increase in frequency only by genetic drift). If the selection was recent and strong, then such variants might be associated with relatively long, low-diversity haplotypes, because recombination has not had sufficient opportunity to break down the extended haplotype on which the mutation occurred (Sabeti et al. 2002) . To quantify the unusualness of extended haplotypes, we computed iHS scores (Voight et al. 2006) for the RHD and RHCE functional variants. None of the variants in any population had |iHS| [2.5, a cutoff corresponding to the highest 1% of genome-wide iHS scores for SNPs in that population. The iHS score for the RHD deletion variant in CEU was 2.12, a moderate outlier, with the positive iHS score indicating that a relatively long, low-diversity haplotype is associated with the ancestral (non-deletion) allele. No other RHD or RHCE |iHS| score exceeded 1.05. The |iHS| scores associated with the C allele in CEU and CHB ? JPT were 0.069 and 0.670, respectively.
Discussion
Potential evidence for positive selection on the C allele of RHCE Several observations from our evolutionary analyses-an unusually high (CHB ? JPT)-YRI F ST value for the RHCE C/c variant, the unusual Fu and Li's D value in the CEU and the high frequency of a single haplotype carrying the derived C allele in non-Africans-suggest a departure from neutral evolution at the RHD/RHCE locus. These findings all point toward the same conclusion: that the high frequency of the C allele in European and especially East Asian populations may reflect a history of positive natural selection. Enthusiasm for this hypothesis is somewhat tempered by the lack of a positive selection signal from the analysis of associated extended haplotypes. This discrepancy, however, might be explained by the moderate frequency of the putatively selected haplotype or the different temporal resolutions of the population genetic tests we used. The F ST statistic and the allele and haplotype frequency analyses from resequencing data are generally more sensitive to older selection events that have reached intermediate to high frequency, while the iHS test is most powerful for detecting evidence of recent, strong, positive selection when there is good SNP density across the region of haplotype breakdown (Voight et al. 2006) . The derived C allele resulted from an RHD to RHCE gene conversion event (Carritt et al. 1997 ) that effectively reduced the difference between the two encoded proteins, raising the possibility that the C allele reached high frequency in non-African populations by conferring protection against RHD-related hemolytic disease of the newborn to D-negative mothers (i.e., if an antigenic response to exposure to blood from an D-positive fetus is less likely or less severe if the mother's RhCE antigen is more similar to the child's RhD). However, this idea can be dismissed based on two lines of evidence. One, the RHCE C allele is found almost exclusively on chromosomes with an intact RHD gene, consistent with previous observations (Carritt et al. 1997) . Among the 90 CHB ? CEU chromosomes for which we collected the *12 kb resequencing data, 56 were found to carry the RHCE C allele. Of these 56 chromosomes, 55 (98%) were associated with intact RHD genes while only one (2%) was associated with the RHD deletion (Fig. 2b) . Two, the estimated RHD deletion frequency is \0.10 in CHB ? JPT (Table 1) . The majority of D-negative blood type cases in an East Asian population resulted from RHD deletion (Luettringhaus et al. 2006) . Together, these results suggest a very low occurrence of D-negative blood type and thus a naturally low rate of RHD-related hemolytic disease of the newborn in East Asian populations, consistent with previous observations (Urbaniak and Greiss 2000) .
We hope that our report of possible positive selection on the RHCE C allele will motivate more detailed studies of the functional effects of this variant, both for those associated with the antigenicity phenotype and for any not associated with antigenicity. While Ser103Pro (which was the focus of our genotyping via the underlying SNP rs676785) explains C/c antigenicity, there are three other amino acid variants of RHCE in linkage disequilibrium with Ser103Pro (Cys16Trp, Ile60Leu, and Ser68Asn) (Avent and Reid 2000) that should also be considered candidates for fitness-relevant functional effects. In the absence of a current functional and testable hypothesis, we consider the suggestion of positive selection on the RHCE C allele to be preliminary but intriguing, especially given the previously demonstrated importance of functional d P values based on simulations using a best-fit demographic model (Schaffner et al. 2005) variation of other red blood cell membrane proteins in human evolution, for example of the Duffy antigen (FY gene) and susceptibility to Plasmodium vivax malaria (Kwiatkowski 2005) .
No evidence for positive selection on the RHD deletion allele
Given that D-negative mothers-prior to now-common medical interventions-would have faced the potential fitness-reducing consequences of hemolytic disease of the newborn, we were somewhat surprised that in Europeans, with RHD deletion allele frequency = 0.43, our evolutionary analyses failed to uncover any strong evidence of positive selection on this allele that may have resulted from some unknown, offsetting fitness benefit. Our tests may have had insufficient power to reject neutrality for this variant if its high frequency initially resulted from a relatively ancient selective event. A second selective sweep in a genomic region (e.g., on the RHCE C allele) might also make it more difficult to detect an earlier selective event (e.g., on the RHD deletion). Extending this notion further, we note that there is considerable functional diversity at the RHD/RHCE gene locus even beyond the common, wellknown variants studied here. For example, a pseudogenecausing (and D-negative phenotype-producing) 37 bp frameshift duplication in RHD exon 4 has a reported frequency of 7% in at least one African population (Singleton et al. 2000) , and there are numerous, rare antigen-affecting SNPs, gene conversion events, and partial deletions of RHD and RHCE (Avent and Reid 2000; Westhoff 2004 ). Such a pattern of diversity could reflect low functional constraint at this locus, but if these mutations also resulted in or contributed to fitness-beneficial phenotypes, then their collective frequency increases may have further clouded any genomic signatures of positive selection associated with the RHD deletion itself (Pennings and Hermisson 2006) . Therefore, based only on the results of our analyses, it is not possible to determine that selection for the RHD deletion allele did not occur. However, as an alternative to the above scenarios, the negative fitness effect of the D-negative blood type in the past might have been less strong than previously thought; the combined probabilities of (1) sensitization to a D-positive fetus and (2) penetrance/morbidity of hemolytic disease of the newborn may have been too low to prevent the RHD deletion from reaching high frequency in Europe by genetic drift/founder effect alone, given the effective size of this population. There are few appropriate, premedical intervention data with which to address this issue: Knox and Walker (1957) used antenatal antibody test data collected from 1947 to 1956 in the United Kingdom to estimate that the risk of sensitization for D-negative women was 1 in 17 pregnancies with a D-positive fetus. Between 1940 and 1946 at the Chicago Lying-In Hospital in the United States, incidence of hemolytic disease among the newborns of D-negative women was 1 in 37 births (1:252 when considering all women regardless of D status), with approximately two-thirds of these cases resulting in newborn death or stillbirth (Potter 1947) .
While the above data suggest a higher mortality rate for the children of D-negative mothers, it is less clear whether this affected differences in the total number of surviving children between D-positive and D-negative mothers. Reed (1971) analyzed and reviewed multiple birth statistic datasets from the 1940s to 1960s in the United Kingdom, Canada, and United States and observed a significant association between D status and fertility in only one population sample, in which there were fewer live births to couples with a D-negative mother and a D-positive father than to couples with a D-positive mother or a D-negative father or both.
To address this issue further, we genotyped the RHD deletion in 942 Hutterites from South Dakota, USA. The Hutterites are a founder population of European descent with high reproductive rates and large family sizes (Hostetler 1974; Ober et al. 1999) . These data were combined with Rh blood group types for 504 Hutterites, which were previously determined by serology and birth and pedigree information for 1,623 Hutterites (including all individuals with either Rh genotypes or serotypes) (Abney et al. 2000) . We considered all families with at least one child born prior to 1968 (the first year of RhoGAM availability) and compared potentially affected families (defined as families with a D-negative mother and D-positive father) to unaffected families (defined as families with a D-positive mother and a D-positive father, a D-positive mother and a D-negative father, or a D-negative mother and a D-negative father, an unknown D status mother and a D-negative father, or a D-positive mother and an unknown D status father). There was no significant difference between the two groups in either total number of children (t test; P = 0.73; Fig. 3a) or mean interbirth interval (t test; P = 0.75; Fig. 3b) .
The lack of a significant difference in family size or mean interbirth interval between these two groups of families may reflect the small sample size of potentially affected families (there were only 24 families with a D-negative mother and a D-positive father). We also caution that some (non-first) children included in this analysis were born after 1968 (Fig. 3c) , and therefore RhoGAM treatment may have helped to prevent sensitization in some women, if sensitization had not occurred in earlier pregnancies. In addition, recent general medical advances may have lessened the fitness disadvantage for D-negative mothers, even without RhoGAM treatment. Still, our results are consistent with most previous analyses that also failed to observe significant differences in fertility rates between D-negative and D-positive mothers (Reed 1971) .
Apart from any uncertainty about the underlying fitness effect of the D-negative blood type, an additional evolutionary aspect that should be considered is the effect of frequency-dependent selection on the RHD deletion. Specifically, once the deletion reaches intermediate frequency, D-negative children of D-negative mothers and heterozygous D-positive fathers would have an advantage over D-positive children (Haldane 1942) . Previous models of under-dominance at the RHD locus (Feldman et al. 1969; Levin 1967; Li 1953; Yokoyama 1981) were developed primarily to derive equilibrium frequencies of the allele, and few besides Haldane (1942) have provided illustrations of the effects of variation in relevant parameters at all frequencies of the deletion. Therefore, to evaluate how such variables might influence the strength of frequencydependent selection, we simulated selection at the RHD locus in a population of infinite size, considering the following (see ''Materials and methods''): (1) probability of sensitization, (2) probability of death from hemolytic disease of the newborn, (3) mean family size, and (4) maximum number of attempts to conceive. We fixed three of the parameters at reasonable values and varied the fourth, calculating the change in RHD deletion frequency over one generation given different initial RHD deletion population frequencies. We found that the strength of selection was affected by the probability of sensitization (Fig. 4a ), the probability of child death due to hemolytic disease of the newborn (Fig. 4b) , and family size (Fig. 4c) ; due to modeling assumptions and the region of parameter space explored, the strength of selection was unaffected by the maximum number of attempts to conceive (Fig. 4d) .
These simulations confirm what Haldane (1942) and others (Feldman et al. 1969; Levin 1967; Li 1953 ) demonstrated through mathematical evaluation: that selection for the RHD deletion, under a model in which there is a potential fitness effect on D-negative mothers and in populations of infinite size, is frequency dependent. If deletion frequencies are initially \0.5, then the population frequency becomes lower still in subsequent generations. If deletion frequencies are initially [0.5, then the population frequency becomes higher in subsequent generations. However, at intermediate frequencies-near RHD deletion frequency of *0.5, or similar to that observed in populations of European ancestry-the effect of selection is relatively small (at frequency = 0.5, there is no change; Fig. 4 ). In populations of finite size, weak selective pressures may have been overwhelmed by the stochastic effects of genetic drift. In addition, the simulations demonstrate that family size has a dramatic effect on the strength of selection (also see Yokoyama 1981) ; if family sizes were small during the initial rise in frequency of the RHD deletion allele, then this also may have reduced the magnitude of selection. Overall, evolutionary interpretations of the RHD gene deletion and the D-negative phenotype are mixed. Pretreatment mortality from hemolytic disease of the newborn for births to D-negative mothers was reportedly 1 in 56 (Potter 1947) . Once sensitization occurred, all subsequent pregnancies with a D-positive fetus would have been at risk, yet the observed fertility rates in the Hutterites generally did not differ between D-positive and D-negative mothers. None of our population genetic analyses revealed convincing evidence of past positive selection on the RHD deletion. While this negative result could be explained by a number of evolutionary scenarios, our current working explanation for the initial rise to relatively high frequency of the RHD deletion and the D-negative phenotype in European populations must be the null hypothesis: genetic drift/founder effect. The level of purifying selection acting against this phenotype may have been less strong than thought, or simply not strong enough to overcome the effects of genetic drift in founding European populations. However, once an intermediate frequency had been achieved, selective pressures would have been relatively weak and potentially overcome by small amounts of genetic drift, even with considerable negative fitness consequences for individual D-negative mothers. Fig. 4 Influence of parameter variation on frequencydependent selection at the RHD locus. Simulated change in RHD deletion frequency over one generation (y axis), given initial RHD deletion frequency (x axis) and evaluated under varying a probability of sensitization if the mother is D-negative and the child is D-positive (ps), b probability that an individual child of a sensitized mother would die from hemolytic disease of the newborn (pa), c mean family sizes, in families not potentially affected by hemolytic disease of the newborn (fs), and d maximum number of attempts to conceive (na). For each round of simulations (a-d), the remaining three of the four variables were fixed at reasonable values (ps = 0.2, pa = 0.9, fs = 3, na = 20)
